RAPD-PCR polymorphisms at 57 presumptive loci were used to examine the breeding structure of the mosquito Aedes aegypti in Puerto Rico. Mosquitoes were sampled from 16 locations in six cities and samples were located in a nested spatial design to examine local patterns of gene flow. Allele frequencies were estimated assuming (1) that genomic regions amplified by RAPD-PCR segregate as dominant alleles, (2) that genotypes at RAPD loci are in HardyWeinberg proportions, (3) identity in state (us) among dominant amplified alleles and (4) us among null alleles. The average genic heterozygosity was 0.354, more than twice the level detected in earlier allozyme surveys. Nested analysis of variance indicated extensive genetic differentiation among locations within cities. Effective migration rates (Nm) among cities were estimated from F1 assuming an island model of migration. Estimates of Nm ranged from 9.7 to 12.2 indicating a high dispersal rate. The large number of polymorphisms revealed by RAPD-PCR allowed the distribution of FST and linkage disequilibrium to be examined among loci and demonstrated that small samples inflate FST and linkage disequilibrium. No linkage disequilibrium maintained through epistasis was detected among alleles at the 57 loci.
Introduction
Recently two techniques have been developed that amplify simultaneously many arbitrary regions of a genome, using a single primer annealed at low temperatures in the polymerase chain reaction (PCR) (Williams et a!., 1990; Welsh & McClelland, 1990 ). Random amplified polymorphic DNA (RAPD)-PCR uses a 10 oligonucleotide primer, with a minimum GC content of 60 per cent, that is annealed at 37°C during PCR (Williams et al., 1990) . By using several different primers, polymorphisms at many RAPD loci can be detected among individuals. RAPD-PCR can therefore potentially increase the resolution of genetic differences among The disadvantage of RAPD polymorphisms in population genetics is that the majority of alleles (>90 per cent; Williams et a!., 1990) segregate as dominant markers. RAPD-PCR produces a fragment with template DNA from individuals that are either homozygous or heterozygous for an amplifiable allele. No fragment is produced in homozygous recessive individuals because amplification is disrupted in both alleles. Dominance prevents tests of random mating within populations because individual genotypes cannot be discerned.
The purpose of this study is to examine the usefulness of RAPD markers in defining the local breeding structure of the mosquito Aedes aegypti in Puerto Rico. Aedes aegypti is the principal vector of a large number of important arboviruses, including yellow fever and dengue, and has been the subject of a number of population genetics studies using allozymes (see Tabachnick, 1991 for a review). We explore the use of RAPDs in estimating Wright's FST and 0 (Weir & Cockerham, 1984) . These are compared with the Lynch & Milligan (1994) method for estimating FST from RAPD markers. We test for linkage disequilibrium by adapting statistical techniques used in analysing codominant markers. The large numbers of loci revealed by RAPD-PCR permit examination of the distribution of FST, 0 and linkage disequilibrium coefficients among loci.
Materials and methods

Analysis of field collections
The size, number and location of A. aegypti egg collections in each city are listed in Table 1 . Eggs were collected in enhanced CDC oviposition traps ('ovitraps') (Reiter et at., 1991) . Ovitrap pairs, one containing a 10 per cent and the other a 100 per Table 1 Sampling locations for Aedes aegypti in Puerto Rico. The first two barrios (A and B) listed under a city were 0.5 miles apart while the third (C) bamo was 2-5 miles from A and B
City Barrios
No. individuals analysed
Collections were obtained from three barrios in San Juan between late August and mid-September in 1992. Collections were made from three barrios each in Mayaguez, Ponce and Arecibo and two barrios in Fajardo and Caguas in July 1993. Eggs were reared to adults and stored at -70°C until needed. Two adults per ovitrap were analysed by RAPD-PCR. Previous studies of oviposition behaviour in San Juan suggested a low probability that a pair of individuals selected at random from a trap would be siblings (Apostol et at., 1994) . RAPD-PCR was performed following the conditions and primers described by Apostol et at. (1993) . A total of 57 amplified products were scored.
Analysis of RAPD-PCR markers as alleles
We analysed RAPD-PCR polymorphisms as alleles by making four assumptions. First, RAPD products segregate as dominant alleles in a Mendelian fashion. Mendelian segregation was observed in an earlier genetic fingerprinting study of A. aegypti (Apostol et at., 1993) and we are using these markers to construct an A. aegypti linkage map.
Secondly, genotype frequencies at RAPD loci are in Hardy-Weinberg proportions. Thirdly, alleles in a homozygous recessive individual are identical in state (us) (i.e. that they arose from identical mutations) among and within individuals. Fourthly, dominant, amplified alleles are similarly us.
Statistical methods and equations are given in the Appendix and are presented in braces throughout the text. We estimate the frequency of a recessive allele a as the square root of the frequency of homozygous recessive individuals {1}. If q is the frequency of the a allele then 1 -q =p is the frequency of the dominant allele A. Lynch & Milligan (1994) show that this approach underestimates q when sample sizes are small. We compared their less biased estimator and found that our sample sizes were sufficiently large that their correction made no difference for three significant figures. A The Genetical Society of Great Britain, Heredity, 76, 325-334. estimated the frequencies of A and a using {1} to produce a BIOSYS-1 type 3 dataset (Swofford & Selander, 1981) . The expected heterozygosity among individuals at each locus in a barrio was estimated with mosys-i. A nested analysis of variance following Wright (1978) was also performed with the WRIGHT78 option in BIOSYS-1. Variance in allele frequencies was partitioned among barrios within groups, among groups within a city and among cities.
Calculation of and estimation of the effective migration rate (Nm) Wright (1951) developed FST as a means of estimating 'the correlation between random gametes within a subpopulation relative to gametes within the entire population'. FST is greater than zero when subpopulations are reproductively isolated because random gametes from a subpopulation carry alleles more often derived from a common ancestor than gametes from the total population. FST was estimated from {2} (Wright, 1951) and as 0 (Weir & Cockerham, 1984) . These were compared with Lynch & Milligan's (1994) method of FST estimation from RAPD markers. Equations to calculate FST for individual loci do not appear in the paper by Lynch & Milligan (1994) and so were derived by W.C.B.4 {6-11}. Nm among populations can be estimated from FST with equation {12} assuming an island model of migration among populations. ance among barrios within a group, among groups within cities, and among cities, following the method of Wright (1978) . These variance components sum to the total variance among all samples so that the relative contribution of each component to the overall variance can be estimated. The variance among barrios within groups accounted for the majority (66 per cent) of the total variance. The next largest component occurred among groups within cities and accounted for 31 per cent of the total.
Only 3 per cent of total variation was accounted for among cities. We repeated the nested analysis using only San Juan and Mayaguez, to determine whether this pattern of extreme variation among local collections resulted from small sample sizes. Variation among barrios within groups still accounted for the majority of the total variance (65 per cent).
Di-locus linkage disequilibrium was estimated from {14-24}. We also used Ohta's (1982a,b) method for partitioning the variance in disequilibrium in the total population into within and among subpopulation components. The within subpopulation component measures the proportion of the total variance attributable to epistasis. The among subpopulation component estimates the proportion attributable to genetic differentiation (Wahlund's effect). The sum of these measures the variance in disequilibrium in the total population.
The distribution of expected heterozygosities, averaged over locations, is shown in Fig. 1 and had an average of 0.354 across the 57 RAPD loci. The variance in allele frequencies was partitioned into vanEstimation of Nm from FST {12} assumes an island model of migration among populations. In our study this would imply a large population (Puerto Rico) that is split into many geographically dispersed subpopulations (cities). Each subpopulation is assumed to be large enough for genetic drift to be negligible. The frequency of alleles in migrants among subpopulations is assumed to be equal to average allele frequencies in the overall population. These assumptions may be valid for city-wide A. aegypti populations but the nested analysis of variance suggested genetic drift among local barrios. This violates assumptions of the island model; thus Nm was only estimated among cities.
Estimates of FST and 0 averaged over all loci are listed in Table 2 . The average estimates were similar with all three methods but the standard deviation of estimates among loci was largest with Lynch & Milligan's (1994) Epistasis accounted for very little of the total disequilibrium found in this study.
The distribution of significant disequilibrium in all studies within cities but was largest when estimating FST among cities or among all barrios. This effect arose primarily from corrections for the variance and covariance among HB and H terms. The correction term (by which HBIHT is multiplied by in {4}) was close to 1 for within cities estimates but was 1.5 among cities or 1.6 for estimates among all barrios.
The mean and variance of transformed disequi-
The Genetical Society of Great Britain, Heredity, 76, 325-334. Table 4 The number of subpopulations of Puerto Rican Aedes aegypti in which a significant linkage disequilibrium was observed at a pair of loci compared with the number expected assuming independent segregation of alleles at RAPD loci. Binomial expectations were computed assuming that the probability that alleles at any pair of loci would be in linkage disequilibrium (at the P = 0.05 level) would be 5% and treating each of the 16 subpopulations as independent sampling events. (Munstermann & Craig, 1979; Severson et a!., 1993) .
If the RAPD loci were uniformly distributed then this would provide a resolution of one marker every 3-4 cM. Despite this high level of resolution, no linkage disequilibrium maintained through epistasis was detected. If the island model is valid, the Nm values for A.
aegypti among cities (9.7-12.2) are among the largest reported for insects (see Slatkin, 1985 for comparison) and suggest that A. aegypti rapidly disperses. Aedes aegypti is a container breeding species that reproduces continuously in tropical or subtropical regions. Mosquitoes emerge from an oviposition site and mate. The female takes a blood meal, matures a batch of eggs and then visits containers (e.g. cisterns, discarded tyres, cans, flowerpots) to oviposit. Sibling analysis (Apostol et a!., 1994) and analysis of rubidium-marked eggs from released females (Reiter et a!., 1995) showed that a female oviposits only a few of her eggs in individual containers. Reiter et a!. is counterintuitive given the high Nm. Similar patterns were detected with a closely related container breeding mosquito, A. albopictus, in North America and Malaysia (Black et a!., 1988a,b) . Strong genetic differentiation was observed at a local level but allele frequencies were more homogeneous at greater geographical scales. One explanation for the pattern in both species could be the high larval mortality that occurs in container breeding mosquitoes (Service, 1993) . Many offspring from different females are oviposited in a container but local populations are maintained by only a few adults that survive to reproduce. This would lead to random genetic differentiation at a local scale while maintaining genetic homogeneity at larger geographical scales.
to its maximum variance in the total population.
Multiplying this estimate of FST by 2N is equivalent to performing a x2 contingency test (Workman & Niswander, 1970) We calculate H(i) as:
HBVar ( FST= 1/(4Nm+1).
Linkage disequilibrium analysis
The frequencies p of the four types of two-locus genotypes at loci X and Y are estimated, where Pu is the observed frequency of individuals with a band at both loci, Pio is the observed frequency of individuals with a band at locus X but not locus Y, Pou is the observed frequency of individuals with no band at locus X but one at locus Y, and Poo is the observed frequency of individuals with bands at neither locus.
Next, we estimate expected di-locus genotype frequencies. The expected frequency of individuals that produce a band at locus X is Bx=p2+2pq {14} and the frequency of individuals that produce no band is b = q2 {15}. With n individuals in a population, the expected frequencies of genotypes at a pair of loci are then: Disequilibrium calculated in this way is a correlation R (Weir, 1979; Hill, 1981) and can vary from 0 to 1. The distribution of correlations is markedly asymmetrical but can be transformed to z-values, which have a normal distribution, using the equation (Sokal & Rohlf, 1981) : z = 0.5 in [(1 +R)/(1 -R)].
(20) When z is small it is very similar to R but diverges as the absolute value of R approaches 1.
A x2 goodness-of-fit test with one degree of freedom can be used to test for significant disequilibrium by: (13) x2=(p-P)2/PA3, (21) xy over all four combinations of x and y (Weir, 1979) . These values were calculated for all alleles in all subpopulations with a FORTRAN program RAPDLD written by W.C.B.4.
The derivations of these formulae using Weir & Cockerham's (1984) composite disequilibrium statistic is discussed briefly by Black & Krafsur (1985) . Ohta (1982a,b) developed a nomenclature for these statistics that was meant to parallel Wright's F-statistics (i.e., I = individuals, S = subpopulations, T = total population). Intuitively, D12 should measure disequilibrium arising through epistasis and DST2 should measure disequilibrium arising from drift. Ohta labels the additive components of this model D'12 and D'ST2 opposite to this intuition. DT2 sum to DT2 which is:
I y (18) and is the total variance of disequilibrium in a subdivided population summed over all values of x and y. This is the number of times a pair of alleles occurs in an individual relative to the frequencies of those alleles in the total population. If there is no reproductive isolation among subpopulations then (19) disequilibrium can only arise through epistasis and All of the FORTRAN programs described above are available by anonymous FTP from lamar.colostate.edu. The programs are located in the pub/wcb4 directory. Follow the instructions in the READ.ME file to acquire the programs, instructions and sample input and output data files.
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